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Edited by Hans EklundAbstract Methionine sulfoxide reductases (MSRs) A and B
reduce methionine sulfoxide (MetSO) S- and R-diastereomers,
respectively, back to Met using electrons generally supplied by
thioredoxin. The physiological reductants for MSRBs remain
unknown in plants, which display a remarkable variety of thior-
edoxins (Trxs) and glutaredoxins (Grxs). Using recombinant
proteins, we show that Arabidopsis plastidial MSRB1 and
MSRB2, which diﬀer regarding the number of presumed
redox-active cysteines, possess speciﬁc reductants. Most sim-
ple-module Trxs, especially Trx m1 and Trx y2, are preferential
and eﬃcient electron donors towards MSRB2, while the double-
module CDSP32 Trx and Grxs can reduce only MSRB1. This
study identiﬁes novel types of reductants, related to Grxs and
peculiar Trxs, for MSRB proteins displaying only one redox-
active cysteine.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Methionine (Met) is one of the amino acids most susceptible
to oxidation [1]. The oxidation of methionine into methionine
sulfoxide (MetSO) results in altered conformation and activity
for many proteins [1], but is readily reversed by an ubiquitous
enzyme referred to as methionine sulfoxide reductase (MSR).
MSRA is speciﬁc of the MetSO S-diastereomer and has a pro-
tective role against oxidative stress [2,3]. A second MSR type,
MSRB, catalytically reduces the MetSO R-diastereomer [4].Abbreviations: CDSP32, chloroplastic drought-induced stress protein
of 32 kDa; Grx, glutaredoxin; MSR, methionine sulfoxide reductase;
NTRc, NADPH-thioredoxin reductase c; Trx, thioredoxin
*Corresponding author. Fax: +33 4 42 25 62 65.
E-mail address: pascal.rey@cea.fr (P. Rey).
1These authors contributed equally to the work.
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.07.081Thioredoxins (Trxs) have been proposed to be the biological
reductant for most MSRs [2,5]. Trxs are small disulﬁde reduc-
tase proteins with an active site Cys-Gly-Pro-Cys. They func-
tion as suppliers of electrons and play essential roles in many
processes [6,7]. Other electron donors like thionein and some
selenocompounds have been proposed to reduce MSRs, since
Trx is not an eﬃcient reductant for two human MSRBs [8,9].
Recent studies revealed the presence of MSR multigenic
families in plants [10]. In Arabidopsis thaliana, ﬁve MSRA
and nine MSRB genes encode proteins present in various cell
compartments [10,11], two MSRB proteins termed MSRB1
and MSRB2 being located in chloroplasts [11]. MSRB1 lacks
the resolving Cys residue present in MSRB2 and correspond-
ing to Cys-63 in Escherichia coli MSRB. Cys-63 is involved
in the regeneration of Cys-117, the catalytic cysteine, through
the formation of an intramolecular disulﬁde bridge followed
by Trx reduction [12]. This MSRB1 feature is not an exception,
since nearly 40% of MSRBs from various organisms lack the
resolving Cys. Previously, we showed that a cytosolic Trx h
was able to reduce MSRB2, but not MSRB1 [11], suggesting
that the distinct features of MSRBs are critical for the recog-
nition of their reductant.
Compared to other organisms, plants contain an extraordi-
nary great variety of Trxs, with no less than 40 Trxs in Arabid-
opsis and at least 20 of them located in chloroplasts [6]. Some
of them, such as Trxs f, x and y display high speciﬁcity towards
their targets [13–15]. In the past years, two other plastidial pro-
teins exhibiting a Trx domain have been characterized. The
NADPH-thioredoxin reductase c (NTRc) protein, composed
of a NADPH thioredoxin reductase fused to a thioredoxin do-
main, serves as a reductant for the 2-Cys peroxiredoxin [16].
The peculiar Trx, chloroplastic drought-induced stress protein
of 32 kDa (CDSP32), is composed of two Trx modules, with
only one active site in the C-terminal domain [17]. The protein
participates in the protection against oxidative damage [18,19]
and interacts with partners involved in detoxiﬁcation of organ-
ic peroxides or in repair of oxidized proteins, like MSRB1 [20].
Glutaredoxins (Grxs) are oxidoreductases similar to Trxs, with
Cys-Xxx-Xxx-Cys or Cys-Xxx-Xxx-Ser active sites generally
reduced by glutathione. Plant Grxs are also encoded by multi-
genic families, with at least 6 predicted to be localized inblished by Elsevier B.V. All rights reserved.
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indicating that Trxs and Grxs could control in concert the pro-
tein oxidation status.
We carried out here a biochemical study to investigate the
capacity of various types of plastidial Trxs (simple- and dou-
ble-module) and Grxs (mono- and dithiol) to supply MSRB1
and MSRB2 with reducing power. Our data provide evidence
that the two enzyme isoforms possess speciﬁc and distinct elec-
tron donors.2. Materials and methods
2.1. Expression and puriﬁcation of recombinant proteins
Expression and puriﬁcation of Arabidopsis recombinant Trx f, m, x,
y were performed as described previously [13,14]. Recombinant Ara-
bidopsis NTRc was produced in E. coli using the pET.AtNTRc plas-
mid kindly provided by Dr. J.-P. Reichheld (CNRS, Perpignan,
France). Mature AtNTRc (starting at Ser-67) was puriﬁed to homoge-
neity using a Ni-aﬃnity column thanks to an N-terminal 10·His-tag.
The poplar dithiol Grx C4 and monothiol Grx S12 were puriﬁed
according to Rouhier et al. [22,23]. Mature CDSP32, CDSP32 C-
Ter, H218W CDSP32 C-Ter proteins from A. thaliana were produced
as described previously [19]. MSRB1 and MSRB2 proteins fused to an
N-terminal 6·His-tag, were produced in E. coli as described in [11].
Protein purity was veriﬁed using SDS–PAGE gels stained with Coo-
massie Brilliant Blue (Pierce-Perbio Science, Brebie`res, France).Table 1
Increases in methionine sulfoxide reductase activity of MSRB1 and
MSRB2 in the presence of various plastidial simple-module and
double-module thioredoxin types2.2. Site-directed mutagenesis
Nucleotide substitution in CDSP32 C-Ter was performed using the
QuickChange mutagenesis method (Stratagene, La Jolla, CA). The
pQE-30 expression vector (Qiagen, Valencia, CA) carrying the
CDSP32 C-Ter coding sequence [19] was used as template for muta-
genic PCR. The primer sequences are as follows: H218W CDSP32 for-
ward, 5 0-GTTGGTCTAAAATGGTGTGGTCCTTGC-3 0; H218W
CDSP32 reverse, 5 0-GCAAGGACCACACCATTTTAGACCAAC-
3 0. The ampliﬁed sequence was sequenced to verify the nucleotide sub-
stitution.
2.3. Preparation of dabsyl-MetSO and of N-acetyl-MetSO
Dabsyl-MetSO was prepared using a method slightly modiﬁed
from Vieira Dos Santos et al. [11] by incubating 5 mM dabsyl-Met
(Interchim, Montluc¸on, France) with 500 mM H2O2 overnight at
room temperature. After centrifugation at 3250 · g for 10 min at
room temperature, the supernatant was loaded on a C18 column
(Sep-Pak C18 cartridges, Millipore), rinsed once with aceto-
nitrile:29 mM acetate buﬀer pH 4.16 (5:95, v/v) and dabsyl-MetSO
was eluted with 5 mL acetonitrile:29 mM acetate buﬀer pH 4.16
(80:20, v/v). After evaporation of the solution under vacuum, the
powder was dissolved in acetonitrile:dimethyl sulfoxide (75:25, v/v).
The concentration of dabsyl-MetSO was assayed using HPLC. N-
acetyl-MetSO was obtained as in [11].Thioredoxin MSRB1 MSRB2
Trx f1 1.2 ± 0.3 7.6 ± 1.0
Trx m1 1.4 ± 0.4 11.2 ± 3.7
Trx m2 1.1 ± 0.4 5.9 ± 1.2
Trx m3 1 ± 0.1 2 ± 0.2
Trx m4 1.2 ± 0.1 4.4 ± 0.5
Trx x 0.8 ± 0.1 1.6 ± 0.3
Trx y1 1.2 ± 0.1 8.7 ± 1.0
Trx y2 1.1 ± 0.1 10.7 ± 2.6
CDSP32 2.9 ± 0.7 1.4 ± 0.1
CDSP32 C-Ter 3.9 ± 1.6 1.3 ± 0.1
H218W CDSP32 C-Ter 2.7 ± 0.2 1.4 ± 0.3
The enzymatic reaction was followed by measuring reduction of dab-
syl-MetSO to dabsyl-Met using a HPLC method and DTE as an
electron donor. The presented values correspond to the ratio: MSR
activity in the presence of Trx/MSR activity in the absence of Trx. The
actual MSRB1 and MSRB2 speciﬁc activities in the absence of Trx are
280 and 100 nmol Met min1 mg protein1, respectively.2.4. Assay for MSR activity
The activity of MSRB proteins was determined by monitoring the
reduction of the synthetic substrate, dabsyl-MetSO, in the presence
of DTE [11]. The reaction mixture, containing MSRBs and Trxs in
15 mM HEPES, pH 8.0, 10 mM MgCl2, 30 mM KCl, 20 mM DTE,
0.5 mM dabsyl-MetSO in a ﬁnal volume of 100 lL, was incubated
for 30 min at 37 C. The reaction was stopped by adding 900 lL etha-
nol:29 mM acetate buﬀer pH 4.16 (50:50, v/v). After centrifugation at
12000 · g for 30 min at 4 C, 20 lL supernatant were loaded on a C18
reverse phase column (Waters S.A.S., Saint-Quentin-en-Yvelines,
France). Alternatively, the MSRB activity was measured by following
NADPH oxidation at 340 nm in the presence of a Trx reducing system
(200 lM NADPH and 5 lM NTRc) or a Grx reducing system (0.5 U
of yeast glutathione reductase (Sigma), various concentrations of GSH
(from 500 lM to 25 mM) and Grx C4 and S12 (from 0.13 to 100 lM))
using a saturating concentration (20 mM) of N-acetyl-MetSO and var-
ious concentrations of MSRBs (from 1 to 6 lM) [11]. The reaction was
carried out at 30 C in a 500-lL cuvette.2.5. Microarray analysis
The transcript levels of Arabidopsis plastidial TRX and MSRB
genes were investigated using GENEVESTIGATOR (https://
www.genevestigator.ethz.ch/at/) [24]. The expression in 22 organs
and tissues was analysed using the GeneAtlas tool and data from
ATH1 chips (Aﬀymetrix) and Arabidopsis thaliana ecotype Colum-
bia-0. Abiotic stress data (cold, heat and methyl viologen treatments)
were collected from AtGenExpress (http://web.unifrankfurt.de/fb15/
botanik/mcb/AFGN/atgenextable2.htm). To investigate the correla-
tions in gene expression, Spearman’s coeﬃcients were calculated for
expression data in organs and Spearman’s and Pearson’s coeﬃcients
were calculated for stress expression data.3. Results
3.1. Activity of MSRB1 and MSRB2 using thioredoxins f, m, x
and y as electron donors
The ability of simple-module chloroplastic Trxs to act as
electron donors to MSRBs was assayed using dabsyl-MetSO
as a protein-bound-like substrate and HPLC-measurements.
We measured the speciﬁc activities of MSRB proteins at
0.1 lM under steady-state conditions in the presence of
0.5 mM dabsyl-MetSO and 20 mM DTE. As previously re-
ported [11], MSRB1 displays a higher activity than MSRB2,
ca. 280 and 100 nmol Met min1 mg protein1, respectively.
We then measured the speciﬁc activities using the same MSRB,
DTE and dabsyl-MetSO concentrations in the presence of
plastidial Trxs at a concentration 20-fold higher than those
of MSRBs. Whatever the Trx simple-module type tested, no
signiﬁcant increase in MSRB1 activity was observed indicating
no reduction by these Trxs (Table 1). In contrast, MSRB2
activity was triggered in the presence of most simple-module
Trxs (Table 1). MSRB2 activity strongly increased (around
10-fold) when adding Trxs m1, y1 and y2. Trx f1, m2 and
m4 enhanced MSRB2 activity to a lower extent (4–8-fold).
These experiments were not carried out using Trx f2, since
Trxs f1 and f2 display 91% identity and similar biochemical
characteristics [13]. A lower increase in MSRB2 activity (2-
and 1.6-fold) was detected in the presence of Trx m3 and
Trx x, respectively. Some kinetic parameters of the reactions
were determined (Table 2A). MSRB2 displays Km values for
Table 2
Kinetic parameters of MSRB2 (A) and of MSRB1 (B) proteins using
various types of plastidial thioredoxin or glutaredoxin as electron
donors
Km (lM) kcat (s
1) kcat/KmReductant
(lM1 s1)
A. Thioredoxin
Trx f1 3.12 ± 0.85 0.24 ± 0.12 0.073 ± 0.023
Trx m1 4.02 ± 0.08 1.54 ± 0.19 0.383 ± 0.055
Trx m2 4.47 ± 0.30 1.00 ± 0.33 0.224 ± 0.090
Trx m3 0.67 ± 0.09 0.20 ± 0.03 0.298 ± 0.082
Trx m4 4.22 ± 0.44 0.81 ± 0.25 0.192 ± 0.079
Trx x 6.87 ± 3.27 0.31 ± 0.08 0.045 ± 0.038
Trx y1 3.44 ± 1.99 0.87 ± 0.36 0.253 ± 0.079
Trx y2 3.48 ± 0.53 1.33 ± 0.32 0.382 ± 0.153
CDSP32 3.9 ± 0.74 0.21 ± 0.01 0.053 ± 0.017
CDSP32 C-Ter 3.27 ± 0.45 0.29 ± 0.02 0.088 ± 0.010
B. Reductant
CDSP32 0.21 ± 0.06 0.035 ± 0.004 0.166 ± 0.069
CDSP32 C-Ter 0.34 ± 0.04 0.040 ± 0.003 0.119 ± 0.040
H218W CDSP32
C-Ter
0.28 ± 0.04 0.038 ± 0.010 0.135 ± 0.037
Grx S12 0.53 ± 0.13 0.17 ± 0.01 0.320 ± 0.080
For Trxs and CDSP32, the enzymatic reaction was measured by fol-
lowing reduction of dabsyl-MetSO to dabsyl-Met using a HPLC
method. For Grx S12, the activity was measured using the spectro-
photometric assay linked to NADPH oxidation.
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(Km value lower than 1 lM). The lowest turnover number val-
ues (kcat), ca. 0.3 s
1, were noticed in the presence of Trxs f1,
m3 and x, intermediate values close to 0.9 s1 were observed
in the presence of Trxs m2, m4 and y1, and the highest values,
ca. 1.4 s1, were found in the presence of Trxs m1 and y2. We
observed that Trxs m1 and y2 display the highest catalytic eﬃ-
ciency (kcat/Km) (ca. 380 · 103 M1 s1), whereas Trx x has the
lowest one (ca. 45 · 103 M1 s1).
3.2. Activity of MSRB1 and MSRB2 using NTRc and the
CDSP32 thioredoxin as electron donors
The ability of NTRc to reduce MSRBs was measured by fol-
lowing NADPH oxidation. No activity was detected either
with MSRB1 or with MSRB2, while we checked that the
NTRc sample was active using DTNB measurement (data
not shown). By performing HPLC measurements, we observed
that addition of CDSP32 to the reaction mixture results in
almost no increase in MSRB2 activity (1.4-fold) (Table 1).
The activity of MSRB1 was signiﬁcantly higher (2.9-fold) in
the presence of the doublemodule thioredoxin (Table 1). The
Km value of MSRB1 for CDSP32 and the kcat of this reaction
are respectively 0.21 lM and 0.035 s1 (Table 2B). The cata-
lytic eﬃciency of MSRB1 in the presence of CDSP32 is 3-fold
higher (166 · 103 M1 s1) compared to that of MSRB2
(53 · 103 M1 s1). These data show that CDSP32 preferen-
tially serves as an electron donor to MSRB1.
3.3. Activity of MSRB1 and MSRB2 using wild-type and
mutated CDSP32 C-terminal domain as electron donors
CDSP32 is composed of two Trx modules with one unique
active site in the Cterminal module, termed CDSP32 C-Ter.
Note that CDSP32 C-Ter displays Trx activity using insulin
and a 2-Cys peroxiredoxin as substrates and that whole
CDSP32 can reduce the peroxiredoxin, but not insulin[17,19]. We found here that CDSP32 C-Ter could reduce
MSRB1 with a 3.9-fold increase in activity, while almost no in-
crease was detected in MSRB2 activity (1.3-fold) (Table 1).
These data indicate that the CDSP32 N-terminal domain does
not prevent the reduction of MSRB2. The kinetic parameters
of MSRB1 for CDSP32 C-Ter were similar to those deter-
mined for whole CDSP32 (Table 2B). Using site-directed
mutagenesis, we investigated whether another distinctive fea-
ture of CDSP32, the presence of a histidine, instead of the con-
ventional tryptophan, before the attacking cysteine, Cys-219,
could explain the speciﬁcity towards MSRB1. The substitution
of His to Trp in CDSP32 did not allow to support MSRB2
activity and did not change both the ability of the protein to
reduce MSRB1 (Table 1) and the kinetic parameters of the
reaction (Table 2B).3.4. Activity of MSRB1 and MSRB2 using Grxs as electron
donors
Four and six Grxs are predicted to be addressed in P. tricho-
carpa or A. thaliana chloroplasts, respectively. We analyzed
whether two available types of poplar Grxs, Grx S12 and
C4, which possess an atypical monothiol WCSYS and a more
classical dithiol YCPYC active site, respectively, could reduce
MSRBs. Grx S12 is predicted to be plastidial and Grx C4
could follow the secretory pathway, but represents a good
model for other organisms. Both proteins display conventional
reductase activity in the presence of GSH and known Grx sub-
strates, such as hydroxyl ethyl disulﬁde or dehydroascorbate
(data not shown). Using the spectrophotometric activity test,
we detected a Grx-dependent activity under steady-state condi-
tions for MSRB1, but not for MSRB2, both with Grx C4 and
Grx S12 (Fig. 1A and data not shown). In the absence of Grx,
no MSRB1 activity was monitored indicating that GSH alone
is not able to eﬃciently regenerate oxidized MSRB1 and that
Grx is required for MSRB1 reduction. The saturation curves
obtained under steady-state conditions by varying Grx S12
or N-acetyl MetSO concentrations follow a Michaelis–Menten
kinetic type (Figs. 1B and C). Km values of MSRB1 for N-
acetyl-MetSO and for Grx S12 were 995 ± 167 lM
and 0.53 ± 0.13 lM, respectively, while MSRB1 kcat and spe-
ciﬁc activity were 0.17 ± 0.01 s1 and 611 ± 29 nmol Met
min1 mg protein1, respectively. These values are in the same
range than those obtained for MSRB1 with the CDSP32 Trx
(Table 2B). The catalytic eﬃciency (kcat/Km Sulfoxide) is thus
171 · 103 M1 s1. These parameters are in the same range
than those determined for other characterized MSRBs from
Neisseria meningitidis and Xanthomonas campestris [25].3.5. In silico analysis of expression of genes encoding plastidial
MSRBs, Trxs and Grxs
Finally, we performed an in silico analysis to determine
which Trxs and Grxs, among those able to reduce in vitro
MSRB1 or MSRB2, display a pattern of expression correlated
to those of MSRB1 or MSRB2. MSRB1 and MSRB2 are
mostly expressed in green tissues of Arabidopsis [10]. A similar
expression pattern is noticed for numerous Trx genes, the
CDSP32, f1, m2, m4, x and y2 transcripts being the most
abundant (data not shown). The Spearman’s correlation coef-
ﬁcients calculated from data collected on 22 organs and tissues
allow to discriminate three groups in Trx genes (data not
shown): (i) NTRc, CDSP32, f1, f2, m1, m2, m4, x and y2,
0
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Fig. 1. Measurements of steady-state Grx-dependent MSRB activity.
(A) Typical time-course dependent NADPH oxidation in the presence
of the Grx system and MSRB1 or MSRB2. For the ﬁrst min, the
enzymatic mixture contained 200 lM NADPH, 0.5 U GR, 10 mM
GSH and 50 lM Grx S12. The arrows indicate the addition of 2 mM
N-acetyl-MetSO (1), MSRB2 to a ﬁnal concentration of 5.7 lM (2),
MSRB1 to a ﬁnal concentration of 4.5 lM (3). Saturation curves
obtained by varying N-acetyl MetSO concentration at saturating Grx
concentration (B) or by varying Grx concentration at saturating N-
acetyl MetSO concentration (C). The background activity without Grx
was subtracted. The values represent average of two to three
repetitions.
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those of MSRB1 and MSRB2, (ii) m3 which is expressed in
a distinct manner from MSRB genes, and (iii) y1, the expres-
sion of which is negatively correlated with that of MSRB
genes. Regarding the expression upon stress conditions (cold,
methyl viologen and heat treatment), the Pearson’s and Spear-
man’s coeﬃcients conﬁrmed the correlation observed in organs
(data not shown). The Arabidopsis plastidial Grx (At2g20270),
homologous to the poplar Grx S12 used in our biochemical
study, exhibits a pattern of expression positively correlated
to those of MSRB1 and MSRB2 (data not shown).4. Discussion
The main goal of this study was to identify possible physio-
logical electron donors to plastidial Arabidopsis MSRB1 and
MSRB2 proteins. The biochemical data presented here show
a strong speciﬁcity among plastidial Trxs and Grxs towards
MSRB1 and MSRB2 and, combined to the expression
analysis, lead us to propose that several simple-module Trxs
constitute physiological reductants for MSRB2, whereas the
double-module CDSP32 Trx and Grx S12 could fulﬁl the same
function for MSRB1. The fact that MSRB1 was previously
retained by CDSP32 on an aﬃnity column [20] gives further
credence to our proposal. Moreover, there is also a noticeable
speciﬁcity in vitro within simple-module Trxs towards MSRB2
since Trxs m1, y2 and f1 are eﬃcient reductants whereas Trxs
m3 and x constitute poor reductants. These results are in
accordance with recent reports indicating that Trxs and Grxs
exhibit a speciﬁcity towards other targets. Trxs f, x and y are
the most eﬃcient reducing agents for FBPase, 2-Cys Prx and
PrxQ, respectively [13,14] and Grx S12 is by far more eﬃcient
in reducing Prx IIE than Trx, but does not reduce 2-Cys Prx or
PrxQ for instance (Rouhier, unpublished results). Our data
suggest that the other plant MSRBs, which constitute multi-
genic families, possess also speciﬁc electron donors among
Trxs or Grxs.
Another crucial information arising from this study is the
description of a Grx-dependent MSR activity for MSRB1.
This has never been described for any MSR protein. This sit-
uation is not unexpected as it was already shown for peroxire-
doxins, another class of proteins using the sulfenic acid
chemistry during catalysis [26]. These results are in agreement
with the fact that many Trx-linked proteins are also targeted
by Grxs [22]. Further work is required to test the capacity of
all plastidial glutaredoxins from A. thaliana to reduce MSRB1
and MSRB2. Indeed, the ﬁve other putative chloroplastic Grxs
termed C5, C10, S13, S14 and S16 [27], could display a speci-
ﬁcity towards the two plastidial MSRBs, as shown in the pres-
ent work for Trxs. In addition, as MSRB1, which does not
possess the resolving cysteine, is reduced by Grxs, we postulate
that it could be also the case in other organisms possessing this
type of MSRB proteins. Thus, in line with the recent reports by
Sagher et al. [8,9] revealing that thionein and selenocom-
pounds can reduce two human MSRB proteins lacking the
two typical redox cysteines, our data extend the knowledge
about the reductants for MSRBs.
As MSRB2 possesses the two redox-active cysteines and is
reduced by typical Trxs, its activity is likely regenerated
through the formation of an intramolecular disulﬁde bridge
subsequently reduced by Trx, as reported for several MSRBs
from other organisms sharing the same characteristics
[5,28,29]. CDSP32 constitutes the unique Trx among those
tested able to reduce MSRB1, which lacks the resolving cys-
teine. Neither CDSP32 N-terminal part, nor its peculiar active
site could explain this speciﬁcity. Further, these CDSP32 fea-
tures did not account for the lack of reactivity with MSRB2.
Therefore the speciﬁc CDSP32 molecular characteristics
underpinning its ability to reduce MSRB1 and incapacity to
reduce MSRB2 lie in its C-terminal part. The surface charge
distribution on Trxs and on their targets might explain the
speciﬁcity of the interaction [13]. When looking at the three-
dimensional models, a clear diﬀerence was noticed. MSRB1
displays a majority of positive charges around the catalytic
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charges in MSRB2 (data not shown). Interestingly, the
CDSP32 C-terminal domain exhibits mostly electronegative
surface associated charges, which could account for the reac-
tivity with MSRB1 (data not shown). In other respects, Kim
and Gladyshev [28] proposed that Trx could regenerate the
activity of MSRBs lacking the resolving cysteine through di-
rect reduction of the catalytic cysteine sulfenic acid form. We
might thus hypothesise that CDSP32 and Grxs or GSH di-
rectly reduce this sulfenic acid form in MSRB1 through the
formation of a transient intermolecular disulﬁde. Further work
is thus needed to determine the precise mechanisms through
which CDSP32 and Grxs reduce MSRB1, but two diﬀerent
reducing pathways can be proposed for the Grx mediated
MSRB1 regeneration. For Grxs using a monothiol mechanism
of reduction (Fig. 2, pathway A), GSH would attack the sulfe-
nic acid and the protein glutathione mixed disulﬁde formed
would be reduced by the N-terminal active site cysteine, lead-
ing to the reduced active MSRB1. Grx S12 may rather use this
catalytic scheme as it possesses only one active site cysteine in
position 27. Nevertheless, we can not exclude that the other
cysteine contained in Grx S12 (Cys 84), which is also con-
served, can act as a resolving cysteine. Another possibility aris-SH 186
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Fig. 2. Proposed mechanism of MSRB1 recycling by Grxs. The ﬁrst
step consists in the reduction of MetSO to Met. Depending on the
involvement of one or two cysteines, the recycling mechanism by Grx
is distinct. For a monothiol mechanism, (pathway A), the sulfenic acid
formed on the catalytic cysteine would most likely be attacked by a
GSH molecule. The protein glutathione adduct would be solved by the
nucleophilic attack of the catalytic cysteine of Grx. This mechanism
concerns Grxs with only one cysteine in the active site like S12, but also
those with two cysteines in the active site. For a dithiol mechanism
(pathway B), the sulfenic acid could be directly attacked by the
catalytic cysteine of Grx. The transient disulﬁde formed would be
reduced by the second Grx active site cysteine and the intramolecular
disulﬁde of Grx regenerated by GSH (model modiﬁed from [8,28]).ing from this study is that the Grx acts with a dithiol
mechanism. The sulfenic acid would be directly attacked by
the Grx catalytic cysteine (Fig. 2, pathway B), forming a tran-
sient disulﬁde bridge between the two partners and this disul-
ﬁde would then be reduced by the second active site cysteine or
another resolving cysteine.
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